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Abstract 
We demonstrate the enhancements of phosphorus (P) gettering efficiency to remove impurities in multicrystalline silicon (mc-Si) 
using multiple cycles of annealing and cooling technique at low temperature. The gettering effect was evaluated by 
photoluminescence (PL) imaging and microwave photoconductance decay (micro-PCD) measurement. Optimal low temperature 
annealing was pursued to suppress the defects formation during annealing. Multiple cycles of annealing and cooling technique 
was utilized to enhance the P gettering efficiency by collecting the dissolved impurities at P-diffused layer. The results show that 
the proposed annealing technique gives a significantly greater enhancement of P gettering than continuous annealing, particularly 
in regions of low defect density. This could possibly be explained by the increased collections of dissolved impurities both of 
remaining impurity atoms and frozen precipitates. The best gettering parameter was achieved at 400°C for 35 min of annealing 
time. These results further confirmed the benefit of P gettering using multiple cycles of annealing and cooling technique in order 
to improve the electrical properties and yield of mc-Si for solar cells. 
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1. Introduction 
Multicrystalline silicon (mc-Si) is commonly used as a starting material for solar cells because of its relatively 
low cost and high performance. In mc-Si solar cells, they contain numerous structural elements including randomly 
oriented crystal grains, dislocations, grain boundaries (GBs), impurities, and so on, which give generally negative 
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impact on solar cells performance if their artificial control were not made by innovative crystal growth technology 
[1-4]. Not only the crystal growth techniques [5,6] and the optimization of crystal growth conditions have 
effectively applied to improve the solar cell efficiency, but also gettering of impurities and surface passivation 
processes have been widely used [7,8]. 
Phosphorus (P) gettering of impurities on mc-Si wafers is a well-known, conventional method to increase bulk 
minority carrier lifetimes through capturing impurities, leading to improved cell performance. Nevertheless, the 
electrical properties can degrade, due to the high temperature step and long annealing time of P gettering process. 
This can be attributed to the formation of crystal defects during annealing, resulting in the insufficient impurity 
transport which are trapped at crystal defects towards the P-rich layer [7-11]. It has been reported by different 
researchers that a low temperature annealing after P diffusion is most effective to getter the impurities [12, 13]. 
However, a sufficiently high temperature has to be done in order to provide a sufficient thermal energy to release 
impurities from their trapped state, and a longer annealing time is also required to allow the impurity transport 
towards the gettering region. 
In this report, we show that there is a room to improve the P gettering efficiency on mc-Si wafers prior to solar 
cell fabrication process using multiple cycles of annealing and cooling technique at low temperature. Optimal low 
temperature annealing was pursued to avoid the crystal defects formation and to control the segregation process of 
impurities during annealing. The combined processing of the multiple cycles of annealing and cooling was done to 
enhance the P gettering efficiency, as well as reducing the annealing time. The result shows that the proposed 
technique gives the stronger positive effects of P gettering than continuous annealing, particularly in the good 
regions with low density of dislocations. We think that the multiple cycles of annealing and cooling technique could 
allow an increased collection of dissolved impurities in precipitates form towards P-diffused layer after gettering. 
An optimization of the P gettering parameters was successfully made and the best improvement was for 35 min 
annealing time at 400°C. The results suggest that P gettering technique is feasible to improve the electrical 
properties and yield of mc-Si for solar cells. 
2. Experiment 
Mc-Si wafers (156mm×156mm×200μm) were taken from the middle of boron-doped p-type ingot grown by the 
floating cast method [5, 6]. For comparison, neighbor horizontally sliced wafers were selected and divided into 2 
series of samples according to the applied processing. The process flow is depicted in Fig. 1. Firstly, samples are 
cleaned by chemical etching, followed by coating with phosphorus oxide (P2O5) solution on both sides. Then, the 
samples of the series 1 were continuously annealed in the furnace under certain conditions, while the samples of the 
series 2 were introduced to the furnace with multiple cycles of annealing and cooling procedure. For example, after 
5 min annealing, the sample was cooled down in the atmosphere for another 5 min, then repeating them until target 
annealing duration is reached. In this work, samples were subjected to temperature in a range 300°C to 750°C, and 
annealing duration during P diffusion was optimized. Photoluminescence (PL) images were taken using an InGaAs 
camera with 810 nm laser excitation equipped with an optical filter to pass wavelength longer than 870 nm, in order 
to measure the spatial distribution of the crystal defects related to carrier recombination on mc-Si wafers before and 
after P gettering. The recombination lifetime map was performed by microwave photoconductance decay (micro-
PCD) measurement at injection level of 5×1013 photons/cm2 with a wavelength of 904 nm. For both measurements, 
the sample surfaces were passivated with quinhydrone methanol solution in transparent plastic bag for 1 h. The total 
acquisition time for a single PL image is 1 s.  
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Fig. 1. Processing sequence of samples for analysis. 
  
3. Results 
Figure 2 shows PL images of mc-Si wafer before and after P gettering of impurities at different annealing 
temperatures for 10 min. Blue regions correspond to good material quality, whereas red regions are dominated by 
defects and impurities. Note that the result shown in Fig. 2 was obtained by using the same wafer. The same set of 
wafers from different positions of the same ingot was also carried out in order to confirm the reproducibility. To find 
a correlation between PL intensity in Fig. 2 and minority carrier lifetime, the sample was measured by micro-PCD 
measurement. The spatially distributed minority carrier lifetime in the wafer before and after P gettering under 
different temperatures annealing is shown in Fig. 3. The areas shown in red and blue have the lowest and highest 
minority carrier lifetime, respectively. Figures 2 and 3 give a spatially inhomogeneous lifetime reasonably correlated 
with the crystal grain structure and the dislocation density of different regions of the material. 
 P gettering becomes efficient, particularly in regions of low defect density as evidenced by the increase in PL 
intensity and minority carrier lifetime. On the other hand, the P gettering of impurities appears to become inefficient 
for removing precipitated impurities at regions of high defect density. An enhanced P gettering efficiency is found to 
increase with increasing annealing temperature, as can be seen by the increase in PL intensity (Figs. 2a-2d) and 
minority carrier lifetime (Figs. 3a-3d). However, the high-temperature annealing (above 700°C) was found to have 
most deleterious effect on mc-Si wafer quality after P gettering. It has been previously reported that P gettering 
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efficiency relies on the transport of released impurities towards the highly P-diffused region, depending on the 
temperature [14], and high temperature processing is reported to cause a formation of crystallographic defects [8]. 
 
Fig. 2. PL images of passivated mc-Si wafer after continuous annealing at different temperatures for 10 min. (a) before gettering; (b) 500°C; (c) 
550°C; (d) 600°C; (e) 650°C; (f) 700°C; and (g) 750°C.  Arrows in Figs. 2a and 2f indicate an increase in the density of dislocations before and 
after high temperature annealing. 
Fig. 3. Distributions of minority carrier lifetime of passivated mc-Si wafer after continuous annealing at different temperatures for 10 min. (a) 
before gettering; (b) 500°C; (c) 550°C; (d) 600°C; (e) 650°C; (f) 700°C; and (g) 750°C.   
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With respect to the transport of released impurities and crystal defects formed issues, we have experimentally 
done the P gettering at low temperature combined with multiple cycles of annealing and cooling, as described in Fig. 
1. A use of low temperature annealing was pursued to suppress the generation of dislocations and to control the 
segregation of impurities during annealing. The combined processing of multiple cycles of annealing and cooling 
was done to enhance the P gettering efficiency which related to a given amount of transported impurities towards P-
diffused layer. The possible mechanism details of this P gettering technique will be discussed later.  
 
Fig. 4. PL images of (a) passivated as-cut wafer; (b) gettered wafer under continuous annealing at 600°C for 10 min; and (c) gettered wafer using 
multiple cycles of  annealing and cooling at 600°C for 5 min, followed by another 5 min after cooling for 5 min (10 min in total for annealing). 
 
Figure 4 shows a preliminary result of a comparison of PL images obtained before and after P gettering of 
impurities with continuous annealing and multiple cycles of annealing and cooling at 600°C for 10 min. Upon P 
gettering under continuous annealing (Figs. 4a and 4b), the P gettering of impurities is found to be efficient and 
revealed moderately enhanced in PL intensity which is closely correlated to minority carrier lifetime. Particularly, 
the enhancement in PL intensity is obviously seen in the good regions with low density of dislocations (blue 
regions) but little changes for poor regions with high density of dislocations (red regions). This can be simply 
explained that the impurities may remain inside crystal defects after P gettering since annealing duration is rather 
short (10 min). In this case, it would require sufficient long duration annealing of low temperature to be effective.  
By comparing the annealing method, it is clearly seen that P gettering using multiple cycles of annealing and 
cooling gave greater improvements than continuous annealing. Such improvements were found even at regions with 
high density of dislocations, whereas the continuous annealing did result in only small improvement (broken circles 
in Figs. 4b and 4c). Figure 5 shows PL images of passivated mc-Si wafers before and after P gettering of impurities 
using multiple cycles of annealing and cooling at optimum conditions as well as a reference sample using 
continuous annealing. The best improvement was found to be for 35 min of annealing time in total at 400°C (Fig. 
5b). We have also prepared a reference sample in order to confirm the positive effects of using multiple cycle 
technique at low temperature (Fig. 5c). It is seen that in Figs. 5a and 5c after a thermal treatment of 400°C is 
continuously introduced on mc-Si wafer for 35 min, a very slight enhancement was observed. Perhaps, the annealing 
duration was not long enough to getter all released impurities. Note that different scales have to be used for PL 
image comparison and for identifying the locations in microstructures of mc-Si where the strong effects of P 
gettering take place. It should be commented that PL images of passivated as-cut wafers before gettering in Figs. 2 
and 4 have different densities of dislocations since the used wafers in Fig.4 were taken from the nearly bottom 
region (~ 90% of the block height) of the ingot so that the samples trend to have high dislocation densities, 
compared to the wafer in Fig. 2.  
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Fig. 5. PL images of (a) passivated as-cut wafer; (b) gettered wafer using multiple cycles of annealing and cooling at 400°C for 35 min (optimal 
condition); and (c) gettered wafer using continuously annealing for 35 min. Broken circle in Fig. 5b indicates the region of large faceted dendrite 
with high density of dislocations, while the rest region is small grains with low density of dislocations. 
4. Discussion 
4.1 Influence of temperature 
By combining and comparing the results of Figs. 2 and 3, we confirm that increasing temperature results in an 
enhanced P gettering efficiency, as evidenced by an increasing in minority carrier lifetime in Figs. 3a-3d. This can 
be understood that higher-temperature processing should improve the transport of released impurities inside the bulk 
to gettering layer, depending on the Arrhenius relationship of impurity diffusivity. However, gettering efficiency 
tends to degrade when gettering temperature is higher than 700°C. If one considers that P gettering relies on the 
three step processes of impurity releasing, diffusion, and capturing, the gettering could be inefficient under high-
temperature for the following reasons: 1) segregation process of impurities towards the gettering layer may be 
limited due to the solubility of impurities in silicon lattice becomes higher than in gettering layer, leading to a 
reduction of driving force for impurity gettering towards gettering layer at high temperature [8-10]; 2) increasing the 
gettering temperature increases the dissolution rate of precipitated impurities i.e. metallic compounds[11]. The 
reactions between metals and other impurities, i.e. carbon, oxygen may be occurred to form species which are more 
stable than metal silicides, so that they may cause the more longer times to complete the gettering process [8,15]; 3) 
high gettering temperature may cause the formation of the crystallographic defects [8] where act as barriers for the 
impurity mobility towards the gettering region. Moreover, the latter reason can be evidently observed by our result, 
that is; dislocations regions (indicated arrows in Figs. 2a and 2f) become enlarged after subjecting to a temperature 
of above 700°C.  
In general, extending time and increasing temperature during P diffusion are required to achieve an optimal 
gettering condition for noticeable improvements. Long processing times are typically required to allow the 
precipitation at the gettering layer. The gettering temperature should be sufficiently low to control the segregation 
process of impurities as well as a degree of supersaturation and sufficiently high to provide sufficient thermal energy 
for impurity releasing towards P-diffused layer (external gettering) and precipitated sites (internal gettering). Our 
result suggests that it may make sense to anneal at temperatures lower than 650°C where is sufficiently high to be 
efficient for P gettering, and defects formation can be avoided (Figs. 2b-2d). Nevertheless, a sufficient time must be 
applied for complete impurity diffusion to the gettering region. 
4.2 Influence of annealing method 
Based on the result presented here, a use of multiple cycles of annealing and cooling gives the greater 
improvements on the P gettering efficiency than continuous annealing. Such improvements become significant even 
at the poor regions with high density of dislocations (broken circle in Figs. 4c and 5b). It has been reported that the 
fast or relatively fast diffusing impurities such as metals, are in supersaturation during cooling step [16]. They are 
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more likely to have enough time to reach the P-diffused layer in reasonable time depending on the diffusion 
coefficients of those impurities in silicon. On the other hand, the slow diffusing ones such as light elements (carbon, 
oxygen) seem to be frozen in electrically active sites in the cooling down step since its diffusivity does not allow 
enough mobility towards P-diffused layer [16, 17]. This led us an idea to utilize multiple cycles technique in order to 
control the fast diffusing and slow diffusing impurities for externally gettering and internally gettering at the 
gettering layer and/or at the defects, respectively.  
A possible reason for greater enchantments of the proposed technique of P gettering is more likely attributed to 
the increased collections of dissolved impurities in precipitate forms towards P-diffused layer after P gettering. 
During annealing, the fast diffusing impurities are allowed to move towards an area of higher solubility (P-rich 
layer), which can be easily removed using chemical method. While, the slow diffusing ones seem to be frozen and 
internally gettered in the nearest point defects during cooling step. There is a possibility that the metals may react 
with slow diffusing ones, i.e. carbon and oxygen, to form metallic complex compounds during annealing. When the 
multiple cycles of annealing and cooling procedure is repeated, both remaining impurity atoms from their trapped 
state and frozen metallic complex compounds from previous cycles in the bulk can be released towards the gettering 
layer again until the optimal annealing time is reached. Additionally, precipitates containing carbon or oxygen are 
much more difficult to remove by gettering than precipitates containing just silicon and transition metals [8]. It is 
possible that the multiple cycles procedure may allow the precipitates containing light elements to react and to 
transform into oxygen-metal-silicon precipitates complex compounds or others during cooling [8, 15]. Thus, this 
could lead to the increased collections of dissolved impurities in precipitates form at P-diffused layer, resulting in 
the stronger enhancements of P gettering efficiency compared with continuous annealing. Although the continuous 
annealing provides enough time to release impurities from their trapped state but a given amount of impurities in 
total is expected to be different. Furthermore, it would be preferable if the dissolved impurity atoms inside the bulk 
can be transformed into agglomerates, precipitates, and/or clusters in order to reduce the recombination activity per 
atom since only the precipitate surfaces act as recombination site [18, 19]. 
It should also be commented that the sample used with a thickness of about 200 μm was coated by the 
phosphorus solution (P2O5) on both sides. Therefore, the effective diffusion length of possible impurities (i.e. Fe, Cu, 
Al) incorporated in mc-Si ingot was calculated and confirmed to be gettered at P-diffused layer by using diffusivity 
data at the low temperature of 400°C for 35 min in total. Since low temperature annealing is typically required a 
longer duration to complete the gettering process, we expect that the proposed technique in this work could reduce 
the total processing time of P gettering in order to practically use in the solar cell industry. The obtained results 
further confirmed that P gettering technique in this work has the potential to improve the electrical properties and 
yield of mc-Si for solar cells.  
5. Summary 
We report on the enhancements of P gettering efficiency on mc-Si wafers using multiple cycles of annealing and 
cooling technique at low temperature. The gettering effect was evaluated by PL imaging and micro-PCD on mc-Si 
wafers before and after P gettering of impurities. Since P gettering efficiency was found to decrease when gettering 
temperature is too high (> 700°C), therefore P gettering using multiple cycles of annealing and cooling was 
proposed. Optimal low temperature annealing was pursued to avoid the defects formation during annealing. The 
combined processing of the multiple cycles of annealing and cooling technique was utilized to to enhance the P 
gettering efficiency by collecting the dissolved impurities in precipitate forms at P-diffused layer, as well as 
reducing the annealing time. As a result, the proposed annealing technique gives a greater enhancement of P 
gettering than continuous annealing. The optimal gettering parameter was achieved at 400°C for 35 min of 
annealing time. A possible reason might be explained by the increased collection of dissolved impurities at P-
diffused layer after gettering. When the annealing cycles was repeated, both remaining impurity atoms from their 
trapped state and frozen precipitates from previous cycles of cooling in the bulk can be released towards the 
gettering layer again until the optimal annealing time is reached. The results confirmed that the P gettering technique 
in this work is feasible for improving the electrical properties and yield of mc-Si for solar cells. 
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